Background: The natural history and optimal management of a patent ductus arteriosus (PDA) among infants with established severe bronchopulmonary dysplasia (sBPD) remains uncertain. Objectives: To describe the characteristics of PDA present at ≥36 weeks' postmenstrual age (PMA) and the effects of late surgical PDA closure in a referral cohort of very preterm infants with sBPD. Study Design: This retrospective cohort study was performed in a tertiary neonatal intensive care unit. Study infants were born at < 32 weeks' gestation between 2010 and 2016, diagnosed with sBPD, and had an echocardiographic PDA at ≥36 weeks' PMA. We reviewed echocardiograms performed closest to 3 time points (≥36 weeks' PMA, hospital discharge, and 1 year of age) and assessed clinical outcomes among infants with versus without late PDA treatment. Results: Among 329 infants with sBPD, 59 had a PDA at ≥36 weeks' PMA. Most PDAs were small (n = 33) and shunted left to right (n = 53). The PDA closed spontaneously prior to discharge in 5 of 21 infants who did not undergo surgical closure and decreased in size in 3. The PDA spontaneously closed by 1 year of age in 6 out of 12 infants with an open duct at discharge. PDA surgery (n = 23) at ≥36 weeks' PMA was not associated with increased risk for the composite outcome of tracheostomy, systemic vasodilator at discharge, or death after adjusting for potential confounders (OR 3.2, 95% CI 0.81-13.0). Conclusions: The majority of conservatively treated late PDAs closed spontaneously or decreased in size. PDA surgery was not associated with severe adverse clinical outcomes.
Introduction
Bronchopulmonary dysplasia (BPD) is the most common chronic complication of preterm birth [1] . It is associated with multiple adverse childhood outcomes including neurodevelopmental impairment, growth failure, long-term deficits in cardiopulmonary health, and late death [2] . The presence of a patent ductus arteriosus (PDA) has been associated with the development of BPD [3] [4] [5] [6] . It is unknown whether this association is causal, as early medical or surgical PDA closure does not reduce BPD risk [7, 8] . Owing to the lack of apparent benefit of early PDA treatment, many clinicians now avoid closing the PDA during the neonatal hospitalization [9] [10] [11] . However, as spontaneous ductal closure can take considerable time in very preterm infants, the PDA in some babies persists beyond 36 weeks' postmenstrual age (PMA). Possibly, continued exposure to a PDA in infants who develop severe BPD (sBPD) may delay lung disease recovery and exacerbate BPD-associated pulmonary hypertension (PHT). Prior reports describing the natural history and cardiorespiratory effects of a prolonged PDA provide limited information about infants with sBPD [12] [13] [14] [15] .
This study's primary objective was to describe the epidemiology of a persistent PDA beyond 36 weeks' PMA in a tertiary, referral-based cohort of infants with sBPD. We paid particular attention to ductal size and shunt direction. This analysis describes rates of spontaneous and surgical PDA closure, and the association between late PDA surgery and adverse in-hospital outcomes.
Materials and Methods

Setting and Subjects
Our institution is a tertiary referral center that primarily cares for outborn infants transferred from neonatal intensive care units (NICUs) in the surrounding region. For this retrospective cohort study, we queried our prospectively maintained registry to identify all infants born < 32 weeks' gestation who developed sBPD (according to the 2001 NIH consensus definition [16] ) and were transferred to our institution between October 2010 and July 2016. Infants born with major congenital anomalies and those without echocardiographic data were excluded. The Institutional Review Board at the Children's Hospital of Philadelphia approved this study.
Data Collection
Demographic and clinical data were abstracted from our institutional medical record. Reports from all echocardiograms (echo's) performed at our institution were reviewed for the presence of a PDA at ≥36 weeks' PMA. For the infants without a documented PDA after ≥36 weeks' PMA, data on the closure method (spontaneous/medical/surgical) were collected. A senior pediatric echocardiographer, who was blinded to all other clinical information, reassessed all echos with a reported presence of a PDA. For infants with a persistent PDA at ≥36 weeks' PMA, the echocardiographic duct characteristics (size and shunt direction) were reevaluated in up to 3 echos performed at the following time points: (1) the first echo performed at ≥36 weeks' PMA for infants without subsequent surgical PDA treatment, or the last echo performed prior to surgical closure; (2) closest to NICU discharge; and (3) 1 year chronological age.
PDA Size and Treatment
In our study, a small PDA had a diameter < 50% of the proximal pulmonary artery (PA) branch measured just after branching from the main PA. A moderate PDA had a diameter 50-100% of the proximal PA branch, and a large PDA had a diameter larger than the PA branch. "PDA surgery" or "surgical PDA closure" refers to an open surgical ligation procedure or interventional cardiac catheterization using an occlusive closure device.
Outcomes
The primary study outcome was a composite of tracheostomy, treatment with a systemic pulmonary vasodilator at NICU discharge, or death prior to discharge. The individual components were also analyzed as secondary outcomes. The risks for these outcomes were compared between infants with and without evidence of a PDA at ≥36 weeks' PMA and among those who did versus did not undergo surgical treatment for a PDA beyond ≥36 weeks' PMA.
Rates of postoperative clinical decompensation were assessed among infants with PDA surgery at ≥36 weeks' PMA. This outcome was defined as the presence of ≥1 of the following criteria: (1) > 20% increase in fraction of inspired oxygen 48 h post-surgery;
(2) initiation of pulmonary vasodilator therapy within 2 weeks postoperatively; (3) pharmacological hypotension treatment for ≥24 h during the first postoperative week; and (4) evaluation for sepsis (blood culture and/or new antibiotics prescribed for ≥48 h) during the first postoperative week.
Statistical Analysis
Standard descriptive statistics were used to compare the demographic and clinical characteristics between the different subgroups. Non-normally distributed data are reported as median and interquartile range (IQR). Study outcomes were evaluated with the χ 2 or Fisher's exact test as appropriate. Multivariable logistic regression, adjusting for gestational age, birth weight, sex, and mechanical ventilation at 36 weeks' PMA, was used to assess the independent association between surgical PDA closure, PDA shunt direction/size, and the study outcomes. The set significance level was p ≤ 0.05. Data were processed with Microsoft Excel Office Professional Plus 2013 and analyzed using IBM SPSS version 24.0.
Results
Study Cohort
We identified 329 infants born < 32 weeks' gestation diagnosed with sBPD ( Fig. 1 ). The demographic characteristics were similar between infants with and without a PDA at ≥36 weeks' PMA ( Table 1) . Median birth weights were modestly lower among infants with than infants without PDA surgery at ≥36 weeks' PMA (Table 1) . Table  2 shows demographics and outcomes for infants with PDA closure at < 36 weeks' PMA.
Echo Evaluation at ≥36 Weeks' PMA
The PDA size, shunt direction, and subsequent PDA course from 36 weeks' PMA through approximately 1 year of age are summarized in Figure 1 . Of 329 infants included in the study, 59 (18%) were diagnosed with a PDA at ≥36 weeks' PMA by echocardiographic evalua- tion. We found documentation of prior indomethacin therapy failure in 31/59 infants. By the time of NICU discharge, 23/59 infants (39%) had undergone PDA surgery. Most of those infants (13/23) had a moderate-large and left-to-right shunting PDA.
Only 6 infants with echocardiographic evidence of a PDA at ≥36 weeks' PMA had bidirectional (n = 5) or rightto-left (n = 1) ductal shunting on the initial study echo (Fig. 1 ). Four of these 6 underwent surgical closure, 1 through open surgical ligation and 3 with catheterization. The infant treated with surgical ligation began to deteriorate 9 days postoperatively, and care was withdrawn 8 days later following a prolonged period of cardiorespiratory deterioration. Of the 3 infants with bidirectional PDAs treated by catheterization, 2 were discharged home on sildenafil.
Echo Evaluation prior to NICU Discharge in Non-Surgically Treated Infants
Among 36 infants with a conservatively treated PDA at ≥36 weeks' PMA, 21 had a second echo performed prior to NICU discharge (median PMA 44.0 weeks, IQR 41.1-50.9) (Fig. 1) . The 12 remaining surviving infants without a second echo all previously had a small and leftto-right-shunting PDA. No PDAs with available echo data increased in size after 36 weeks' PMA. The bidirectional and right-to-left shunting PDAs both spontaneously closed before NICU discharge (confirmed by echo).
Five out of 36 non-surgically treated infants died between 36 weeks' PMA and NICU discharge. Four out of these 5 infants had a small or moderate and left-to-right shunting PDA. The other infant had a large and left-toright shunting PDA. This PDA changed to a right-to-left shunting duct on subsequent echos and following a prolonged period of hypoxemic failure, care was withdrawn at 38 weeks' PMA.
Echo Evaluation at 1 Year of Age
Among 28 infants with an open PDA at NICU discharge, 12 underwent echocardiography near 1 year of age (median age of 10.3 months; IQR 7.9-14.5 months). Six infants showed spontaneous PDA closure, all within 9 months' post-discharge. All infants with an open PDA at this time point had a small and left-to-right shunting duct. One patient underwent closure by catheterization at med., medication; PDA, patent ductus arteriosus; PHT, pulmonary hypertension; PMA, postmenstrual age; syst., systemic; trach., tracheostomy. a Survivors among infants with PDA at ≥36 weeks' PMA, n = 48; survivors among infants without PDA at ≥36 weeks' PMA, n = 241. b Adjusted for birth weight, gestational age, gender and mechanical ventilation at 36 weeks' PMA. 6 months of age (PMA 53 weeks). This baby was tracheostomy dependent and transferred to a chronic care facility from the NICU. The last echo prior to closure showed a moderate and left-to-right shunting PDA but with evidence of right ventricular hypertrophy.
Study Outcomes
Rates of the primary composite and individual secondary outcomes were similar among the infants with compared to without a PDA at ≥36 weeks' PMA (Table 3 ). Multivariable analysis showed that the presence of a PDA was associated with a marginally significant increase in the odds of developing the primary study outcome ( Table  3 ). The adjusted odds of the individual secondary outcomes were similar between the groups (Table 3) .
There was no difference in the risk for the primary outcome comparing infants with versus without surgical PDA closure (Table 4 ). Treatment with a systemic pulmonary vasodilator at discharge was more common among infants with than without surgical PDA closure. This association was not statistically significant after adjusting for earlier treatment with a systemic pulmonary vasodilator and other confounding variables (OR 5.3, 95% CI 0.40-71.3). There was no significant association between PDA size or shunting direction and the risks for the primary or secondary outcomes (data not shown).
Eleven out of 23 PDA surgery infants experienced postoperative clinical deterioration. There was no statistically significant association between PDA size (adjusted OR 3.0, 95% CI 0.30-29) or shunt direction (adjusted OR 0.63, 95% CI 0.05-8.3) and the risk for postoperative deterioration in the univariable or multivariable analyses.
Discussion/Conclusion
Limited published data describe echocardiographic findings and natural history of late PDA among infants with sBPD. In this large, referral cohort of sBPD infants, we found that 18% had echocardiographic evidence of a PDA at ≥36 weeks' PMA. This rate is higher than previously reported in preterm infants. A retrospective evaluation of 391 very low birth weight (< 1,500 g) infants born between 2004 and 2005 reported the presence of a persistent PDA at approximately 38 weeks' PMA in 5% [13] . Notably, the timing of echocardiographic evaluation at ≥36 weeks and indomethacin exposure rates among the infants with a prolonged PDA were similar between our and this prior study [13] . The higher incidence of a prolonged PDA in our patients may be explained by the greater severity of lung disease in our population, or by change in practice towards less surgical PDA treatment [9] . Half of the evaluated infants with an open ductus at NICU discharge in our cohort demonstrated spontaneous closure by 1 year chronological age. In contrast, 2 studies reported spontaneous postdischarge PDA closure rates ranging between 81 and 86% in very low birth weight infants without sBPD [12, 13] . However, both studies used clinical examination to assess PDA closure in some infants, potentially overestimating spontaneous closure rates [12, 13] . Notably, most PDAs in both studies [12, 13] , and ours, were small. The clinical dilemma for most neonatologists is not the management of a small PDA, but whether it is safe to leave a moderate-to-large PDA untreated [17] . Our data showed that most moderate-tolarge PDAs closed spontaneously or decreased in size over time. However, our small sample size mandates that these findings be interpreted with caution.
Although the optimal care of a PDA remains controversial, there is likely a trend toward conservative treatment. A large cohort study found that rates of conservative PDA management increased between 2006 and 2012, while pharmacotherapy and/or surgical ligation decreased [9] . An American cohort study reported that between 2006 and 2015 rates of medical and surgical PDA treatment decreased, while the median age at PDA ligation increased [11] . If this reflects modern practice, more infants with established BPD may present with a persistent PDA. The risk to benefit balance of closing the ductus in these infants is unclear. Prolonged exposure to a left to right shunt may lead to lung disease progression and development of PHT. However, surgical PDA closure has well-established risks [18, 19] . Moreover, when PHT is already present, ductal closure may remove a potential "safety valve" needed to off-load the right ventricle in times of high pulmonary vascular resistance [8, [18] [19] [20] [21] .
Most studies in preterm infants have focused on early rather than late (≥36 weeks' PMA) PDA surgery [19, 21] . The aggregate finding was a lack of improvement in neonatal and neurodevelopmental outcomes after PDA surgery [22] . The sole statistically significant association we found was increased odds of discharge on pulmonary vasodilator therapy among infants with late PDA surgery. Since the finding was no longer statistically significant after multivariable analysis, the observed difference in outcome is likely attributable to treatment bias rather than the surgical procedure itself. As most studies examining the effects of PDA closure are observational in nature, confounding by indication is common in this field of research [23] . Large randomized clinical trials are re-DOI: 10.1159/000500269 quired to accurately characterize the risks and benefits of late ductal closure.
This study was conducted in a tertiary referral hospital and most likely represents the care provided for this patient category. We acknowledge the limitations imposed by a retrospective review of the medical record. Importantly, we can only draw inferences about association, because of potential bias from unmeasured confounding that influenced treatment decisions and the risks for the study outcome. Unfortunately, there were only a modest number of babies with an echo available at all 3 study time points. Consequently, we were not able to describe the complete PDA course in all infants. However, the assessment of all echocardiograms by an experienced echocardiographer blinded to other clinical outcomes and not the use of echo reports is a key study strength. Nonetheless, the classification of PDA size and shunting direction is subject to interrater reliability [24] .
In conclusion, we described that most late PDAs in this sBPD cohort were small in size and shunted from left-toright. Most conservatively treated late PDAs closed spontaneously or decreased in size. To guide neonatologists making decisions regarding the treatment of late PDA in infants with sBPD, future research should explore the short-and long-term outcomes after late surgical PDA closure and the long-term consequences of prolonged ductal patency in this patient population.
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